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Photovoltaic (PV) modules have been becoming well-spread recently as 
alternative clean energy sources to traditional energy sources due to their 
efficiency and sustainability benefits. This paper applied various water 
temperatures and artificial dust levels to a couple of monocrystalline PV 
modules under outdoor conditions to observe their performance. Two 
different IV tracers were connected separately to each module for comparison 
purposes. Two temperature sensors were installed at the back of the panels to 
observe the cell temperatures. Besides, a temperature sensor was specified for 
ambient readings. Water flowed through an adjustable water-flow sensor to 
cool the overheated PV module using specific mass flow rates. The results 
indicate that the efficiency of the PV module starts to reduce when the panel 
temperature begins to surpass 49.1°C. It was discovered that cooling the PV 
module increases its efficiency from 0.97 percent at the lowest rate to 
4.70 percent at the highest rate. Furthermore, accumulated dust on the PV 
module top surface can be reduced up to 3-fold under 110 g/m? of dust, and 
up to 29.30% under 10 g/m? of 100% of its generated energy. Improvement 
techniques and future work on PV module performance are also discussed. 
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1. INTRODUCTION 


In recent years, there have been significant advances in the technologies used to turn solar energy into 
a sustainable energy supply [1]-[4]. One of the main problems in using photovoltaic (PV) systems is the low 
energy conversion efficiency of the PV cells. As the panel's operating temperature increases, the open-circuit 
voltage of the PV cells drops; therefore, the power generated and its efficiency will decrease significantly [5]. 
The water-cooling method is one of the most helpful techniques that is used to dissipate the heat deposited into 
the PV modules [6]—[12]. Cooling devices were applied to the PV module to reduce its temperature. The 
module met elevated solar irradiation and ambient temperature, confirming that dropped PV panel temperature 
can produce better output energy [13]—[17]. To overcome the overheating problem, it is essential to decrease 
the temperature of the PV module. PV cells are to be cooled down by supplying water flowing on top of the 
panel. Water is characterized by its ability to absorb the heat produced by the solar panel cells throughout the 
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day. The reflective index for air, water, and glass is 1.0, 1.3, and 1.5, respectively. The water refractive index 
will enhance the visual diffusion of PV cells. Using water to cool the PV module, as shown in the equation 
below [18], makes a big difference in how much the temperature drops. 

The PV output power in the bar graph shown in Figure 1 was produced several times with and without 
the water-cooling process. The figure demonstrates that PV modules without the cooling process generated the 
smallest amount of power compared to PV modules with water cooling. A PV module with no cooling process 
generated 87.1 W of output power. In contrast, a PV module with a water-cooling process and a water 
temperature of 20 °C produced the highest output power value of 97.6 W. In contrast, the PV module cooled 
with a water temperature of 45 °C generated the smallest output power value, which is 89 W. The PV module 
can generate more whenever the temperature of the water-cooling drops. Meanwhile, the lower the water- 
cooling temperature, the more the heat is dissipated away from the PV module. When the PV module was 
subjected to water-cooling temperatures of 20 °C and 45 °C, the output power increased by 12.06% and 2.18%, 
respectively, when compared to the PV output power without the cooling process [19]. 
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Figure 1. Output power of PV module with different types of cooling method [8] 


An experiment in [9] proved that a PV/T water collector's performance, impacted by the change in 
mass flow rate, is decreased, and the thermal efficiency is increased when the PV temperature is increased. The 
mass flow rate of the coolant was below 0.10 kg/s. As a contrast, the opposite trend was displayed at more than 
0.15 kg/s mass flow rate. Research shows that the PV module temperature can be reduced to 22.4 °C with the 
aid of 80 L/h of cooling water procedure and constant irradiation of 1000 W/m7?. It increased the output power 
and efficiency by 8.04 W and 1.23%, respectively. Temperature, humidity, and dust negatively influence the 
PV module efficiency, while water cooling procedures can reduce their effect and improve efficiency over 
time [20]. The top layer of a PV module was tapped with torrential cold water, which reduced the temperature 
of the PV panel. The cooling system succeeded in reducing the module temperature to approximately 25 °C, 
while the uncooled module temperature hit 45 °C. The best achievement of this method led to a 20% 
improvement in power due to no water leakage and an uninterrupted cooling process of the surface. Also, the 
cooling process caused the power to rise by 20.2 W/m? [21]. 

Another factor that is thought to impact panel efficiency is dust accumulation on the panel. Dust is 
often used to describe tiny solid objects with diameters less than 500 mm. It is made up of tiny contaminants 
that come from a variety of sources, including wind-lifted soil emissions and garbage. While it may appear 
small, the degradation of our country's air quality will be given careful attention. Globally, high population 
density, increased industry, and economic expansion have all contributed to a dramatic reduction in urban air 
quality. When 0.012 g/cm2 was placed on the top surface of the solar panel, its output power was dropped to 
7.70 W and its efficiency increased to 1.47 percent [22]. 

PV modules generally show efficiency under standard conditions. Under a variety of continually 
evolving circumstances, the module performance under outdoor operating conditions is different from that 
expected from outcomes under standard test conditions. The temperature variations in the solar cells differ. 
The temperature change will affect the power output of the cells. The output voltage is extremely dependent 
on the temperature, and a decrease in the voltage accompanies any increment in temperature. Specifically, 
parameters such as irradiation intensity, mass flow rate of cooling water, and dust can greatly change the 
efficiency of PV modules. Thus, this paper focuses on designing an examinable prototype of a PV system that 
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will allow us to compare the output performance of numerous temperature conditions under water cooling 
applications and compare the performance under several amounts of accumulated dust on the top of PV 
modules. This current study was conducted at Perlis state, northern of Malaysia. 


2. METHODOLOGY 

The experiments were conducted outdoors at a maximum ambient temperature of 41.6 °C and a 
minimum temperature of 27.1 °C. The setup consists of two monocrystalline PV modules connected to water 
flow and cell temperature sensors with Arduino2 and Arduinol. MPP-IV Swinger 2-tracers were connected 
between the PV modules and the data logger through Arduinos to indicate the maximum output power produced 
by the PV panels. Moreover, an independent solar power meter was used for solar radiation readings, and an 
Arduino-based humidity sensor was used for humidity measuring. Figure 2 illustrates the components of the 
experiments, which ended with the PC as a data logger. 
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Figure 3 depicts the construction of the PV prototype in various conditions. The data was collected 
under three different circumstances. Arduino software was used to evaluate the data obtained on the PC. The 
various parameters important to the investigation were measured using a variety of instruments, including 
temperature sensors, two monocrystalline PV modules (GSMG-050M model), three Arduino-based 
(DS18B20) temperature environment sensors, two I-V tracers, a water flow sensor (YF-B1 model), a common 
flour to represent dust, and a data taker. Figure 4 depicts a few of the instruments utilized in the experiment, 
whereas Figures 4(a)-4(d) depict a few of the study's tools and apparatus. 

Because natural dust was in scarce supply during the time when the experiment was being carried out 
in Perlis, Malaysia, the simulated dust was used for the research of dust fouling PV modules. In the current 
investigation, regular flour was selected to stand in for the dust in order to do an effect analysis on it. In order 
to extract the I-V characteristics of solar panels, a couple of IV Swinger 2 were employed in this study. The 
capacitive load is charged according to its basic concept. The load is a capacitor and a single relay, and the 
gadget is Arduino-based. The Arduino manages the relay and measures, logs, and stores the solar panel voltage 
and current information. The results are then shown on a laptop in real-time. An effective instrument to evaluate 
solar I-V characteristics and comprehend the foundations of PV systems in terms of cheap cost, mobility, and 
quicker reactions is the IV Swinger 2, which is shown in Figure 5 [23]- [25]. 
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Figure 3. Flowchart outlining the steps of the experiment 


The PV module efficiency 77, can be calculated using the as in (1). 
Pm 
T= ka x 100% (1) 


Where P, is the measured output power (W) of the PV taken by the IV tracer, R is the solar irradiation (W/m7), 
and A is the PV module surface area, which equals to 660mm long multiplied by 550mm wide, or 0.363 m?. 
The fill factor of the PV module is expressed by the following equation, which might be used to further explore 
the fill factor (FF) effect. 


FF = < (2) 


IscVoc 


Where Jsc is the short circuit current (A) and Voc is the open-circuit voltage (V) of the module. Accordingly, 
the PV module efficiency might also be written as in (3). 
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n = FF X IscVoc¢ (3) 


(b) (c) (d) 


Figure 4. Some of the experiment instruments, (a) monocrystalline PV modules, (b) ambient and cells 
temperature sensors, (c) water flow sensor, and (d) dust sample 


Figure 5. IV Swinger 2 device 


3. RESULTS AND DISCUSSION 

In 10 separate practical investigations, more than 50 recordings were divided into different 
circumstances taken by various sensor and reading equipment such as IV Swinger tracers, temperature sensors, 
radiation reader and water flow sensors. All data was collected at the same time to guarantee that the findings 
could be compared and analyzed accurately. From 9 a.m. to 5 p.m., random times of the day were selected. 
The records were selected from the most recent June and July months, taking into consideration the widest 
possible range of weather circumstances. For the most part, these studies yielded the results shown in Table 1. 


Table 1. Summary statistics of collected data 


Ambient Solar Panel Cooled Panel Voltage Current Output PV Module 
Temperature Irradiation Temperature Temperature (V) (09) Power Efficiency 
CO) (W/m*) CO CO (W) (%) 
Max. 41.6 895 56.5 45.19 21.2 2.99 46.1 16.30 
Min. 27.10 190 33.42 20.87 20.2 0.476 8.83 12.50 
Avg. 34.72 598.54 45.70 33.65 20.85 1.8936 31.373 13.82 


3.1. Effect of water-cooling technique on energy efficiency of PV module 

Two volumes of water-cooling flow rate (0.015 and 0.03) L/s were evaluated with a water spray nozzle 
to cool down overheated solar cells and decrease the PV module surface temperature for better production of 
output energy. The cooling technique implicated was a water-type sprayed on the PV surface through an 
Arduino-based water flow sensor using different water temperatures. Two-panel temperatures were 
independently installed at the back of two PV modules. The water will stream on the upper side of the panel, 
encouraging the decrease in cell temperature. 

One of the disadvantages of PV technology is that it converts a significant quantity of solar irradiation 
into heat. Figure 6 describes a permanent increment of solar panel temperature over the surrounding 
temperature. It is apparent that panel temperatures hit high records when solar irradiation reaches 
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approximately 630 W/m? and above. Figure 7 shows that the PV panel temperature of the investigated module 
was cooled significantly more than the reference panel. The highest temperature obtained for the reference 
panel is 56.5 °C, while with a proper cooling method, the highest temperature can only go up to 45.19 °C. The 
temperature of the PV panel is directly related to the amount of sunlight that hits it. Figure 8 illustrates the 
power lines from both systems starting to diverge when the solar irradiation starts to exceed 370W/m?. The 
graph clearly shows that the cooling panel can produce more power than the reference panel. The panel with a 
cooling system can achieve up to 52 W of output power, while the reference panel power generation can only 
reach 46.1 W. This means that, with proper cooling, power generation can be improved by up to 11.35%. 
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Figure 6. Difference between ambient and PV module temperatures 
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Figure 7. Solar panel temperature with and without cooling 
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Figure 8. Solar panel output power with and without cooling 


Electrical voltage is the physical characteristic that immediately converts into the device's power when 
measured at the PV modules' maximum power point. During the two stages of the test, the graph in Figure 9 
depicts variations in the magnitude of voltage in the examined and reference modules. A greater voltage is 
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created on the cooled solar generator by lowering the temperature of the modules. The amount of open-circuit 
voltage that can be boosted is up to 2 V, which can be seen during the highest amount of solar irradiation. The 
difference in open-circuit voltage between non-cooled and cooled PV is proportional to solar irradiation. The 
conclusion is that a cooling system is only needed when the amount of radiation is high, not all the time. 
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Figure 9. Comparison of cooled and non-cooled PV open circuit voltage with its related irradiation 


3.2. Effect of dust on energy efficiency of PV module 

The accumulation of dust particles on solar PV systems blocks the sunlight and reduces its power to 
a large extent. Four sets of dust area density were conducted to examine different obstruction conditions, which 
were (110, 55, 27, 10) g/m*. A perusal of the data recorded indicates the power reduction due to the 
accumulation of dust on the PV module. The study was implemented using different quantities of artificial dust 
at irradiation varying from 540 to 890 W/m?. Figure 10 illustrates the effect of dust particles on the power 
output of PV. Analyzing Figure 10, the output power of the PV module was decreased significantly under 
110 g/m? of dust. Power drops up to 31.15 W, while the least decrease in output power was recorded under 
10 g/m? of dust by 9.2 W. This drop in the output power almost certainly occurred due to the spread of dust on 
the top glass layer of the PV module. 
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Figure 10. PV performance while applying different amounts of dust 
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A comparative study between dust-applied and dust-free PV modules is depicted in Figure 11 with 
respect to their solar irradiation. Accumulated dust particles on PV modules block the sunlight and lower their 
output power significantly. The dust from different areas, such as constructional locations, agricultural areas, 
and industrial sites, will badly impact solar system production. The figure below shows the lasting effect of dust 
on power output throughout all amounts of solar irradiation. The output power of the dust-free PV module is 
better because it can reach up to 45.3 W, while the output power of the dust-covered PV module is only 16.8 W. 
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Figure 11. Impact of accumulated dust on PV output power 


According to the data in Table 2, the efficiency loss caused by dust on top of PV modules grows 
exponentially with increasing accumulation. Using (2), the entire PV module efficiency loss is estimated to be 
13.77 percent. This indicates that a PV module's produced power can be reduced by up to three times at a dust 
density of 110 g/m? and by up to 29.30 percent at a dust density of 10 g/m’. 


Table 2. Efficiency summary of PV module affected by dust 
Dust Area Density(g/m’) _Losses in Efficiency (%) 


110 9.74 ~ 11.22 
55 7.52 ~ 8.84 
27 4.34 ~ 4.78 
10 3.22 ~ 3.61 


4. CONCLUSION 

The influence of water-cooling technology and collected dust on PV performance was investigated 
by comparing the output performance of two PV modules using two independent IV tracer devices. In this 
paper, a comparison of output performances under water-cooling applications was studied. Another study of 
the energy efficiency of the panels was conducted while varied amounts of dust were applied. Furthermore, the 
temperature of the panels, ambient temperature, and radiation intensity were all monitored at the same time 
and analyzed to determine their effects. The results showed that the efficiency of the PV module began to 
decline when the panel temperature exceeded 49.1 °C. Cooling the PV module improved its efficiency by 0.97 
percent at the lowest rate and 4.70 percent at the maximum rate. Furthermore, dust deposition on PV modules 
can lower produced power by up to thrice under 110 g/m2 of dust, and up to 29.30 percent under 10 g/m2 of 
dust. Dust, dirt, pollen, bird droppings, and other debris can reduce the efficiency of a PV module. Using 
cooling methods to keep the PV module temperature within an acceptable range is critical to ensuring that the 
solar energy harvesting module is capturing and generating optimal electrical power during the day, as 
operating climatic conditions quickly impact PV module efficiency. To ensure the high potential of power 
generation from PV systems, an early analysis of irradiation intensity and related obstacles must be applied to 
the system's site placement. Hundreds of modern readings with more precise technology (if available) might 
yield more gratifying findings. 
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